Low-salt barley plants contain low salt and high sugar levels; high-salt plants contain high salt but low sugar levels. It is shown that salt inhibits glucose transport into the cell and it is suggested that the low sugar level in high-salt plants is due to this inhibition. During uptake of salt by low -salt roots the sugar level falls, and rates of salt transport and respiration are both correlated with sugar level in the root. It is suggested that due to the high sugar level, rates of uptake of salt to low-salt roots may be exaggerated when compared with high-salt roots. The dependence on metabolic status has been ignored in kinetic studies of ion transport.
I. INTRODUCTION
Barley plants grown on CaS04 solution or washed sand contain very low levels of potassium but high concentrations of sugar. Conversely, plants growing in soil or solution where there is adequate potassium contain high levels of potassium but low concentrations of sugar. Representative values are 15 fL-equiv. g-l potassium and 60 fLmoles g-l reducing sugar in low -salt roots; 95 fL-equiv. g-l potassium and 15 fLmoles g-l sugar in high-salt roots. There is a similar balance in the shoots of highand low-salt plants. The processes of salt and sugar accumulation appear to be complementary. Hoagland and Broyer (1963) and Prevot and Steward (1936) noted that lowsalt roots were high in sugar and high-salt roots were low in sugar. Prevot and Steward also reported that salt uptake could be enhanced after a period of 10-20 hr in 2% glucose solution. In both these papers the authors speculated on there being a relationship between sugar level and ion transport. The possibility of such a relationship seems to have been ignored in most studies of ion transport using low-salt roots.
Low-salt roots become high-salt roots after only 24 hr in a salt solution (KCI or NaCI). Changes in rates of potassium, sodium, and chloride uptake during this transition have been investigated. As the KCI or NaCllevel in the root rises, the net rate of accumulation falls until there is a balance between rate of transport into the cells and the efflux.. The decreased net uptake is partly due to increased efflux, but mainly to decreased influx (Pitman, Courtice, and Lee 1968; Johansen, Edwards, and Loneragan 1970) . A decreased influx can be shown to be necessary if observed steady levels of salt in the vacuoles are to be compatible with the permeabilities of the membranes and the initial rates of transport (Pitman 1969b). It was suggested by Pitman, Courtice, and Lee (1968) that this decrease in influx was due to a decrease in metabolic status of the roots. In the present paper it is shown that rate of tracer accumulation is correlated with level of reducing sugar in the cells, probably because salt transport is dependent on metabolism. Respiration is also correlated with sugar level. Salt inhibits glucose uptake and the balance between salt and sugar in the root and shoot can be explained simply as a result of interaction between processes of sugar and salt transport, possibly due to competition for energy from respiration.
II. MATERIALS .AND METHODS

(a) Plant Material
Seeds of barley (Hordeum vulgare cv. Cape) were germinated for 24 hr on wet blotting paper then planted out on to stainless steel gauze in aerated 0·5 mM CaS04 solution. The plants were grown in the dark at laboratory temperature (about 25°C) and used when 4-8 days old.
(b) Solutions
All solutions contained 0·5 mM CaSO 4 in addition to the salt or sugar conc.entrations given.
(c) Terms Used "Transport" is used to mean the amount of potassium or chloride passing from root to shoot. "Accumulation" (either of potassium, chloride, or tracer) means the amount retained in the roots. Uptake is then defined as the sum of accumulation and transport.
(d) Tracer Measurements
Excised roots were put into aerated, labelled solution at 25°C. After 30-60 min the roots were taken out and rinsed in unlabelled solution for 10 min. The roots were then blotted, weighed, and dried on a planchet; tracer was estimated using an end-window gas-flow counter. The uptake was calculated as microequivalents by dividing the count rate by the specific activity of the labelling solution (counts ,.-equiv.-1). Triplicate samples were used.
Tracer accumulation measured in this way was linear over at least 1 hr, so the single determination was adequate to establish the rate. The rinse in salt solution removed tracer from the free space, but also allowed tracer to be transported out of the stele. In this way the rate of tracer accumulation was a measure of the flux into the vacuole (Pitman 1971) .
(e) Sugar ]j]stimations
Sugar levels refer to hexose (or reducing sugar) concentrations. Roots used to estimate reducing sugars were frozen until extraction. Sugars were extracted using 80% (v/v) ethanol-water and assayed photometrically using arsenomolybdate reagents (Somogyi 1937; Nelson 1944) . This method measured both fructose and glucose. Other estimations were made using glucose oxidase to measure glucose, and anthrone to measure total sugars. Sugar chromatograms were run using butanol-acetic acid-water (4: 1 : 5 by volume), and ethyl acetate-acetic acid-water (3: 1 : 3 by volume) as solvents They were visualized using ammoniacal silver nitrate spray reagent (Hough 1954) .
Radioactivity of 14C in the extracts was assayed by drying part of the extract on a planchet and estimating the amount present using an end-window gas-flow counter in the same way as for the measurement of chloride tracer.
Measurement of 14C present in glucose and fructose was achieved by counting the chromatogram strip in sequential portions, also with the aid of the gas-flow counter, and noting the radioactivity in the "spots" already visualized with ammoniacal silver nitrate.
(f) Estimation of Salt
The major portion of the salt (K+, Na+, and Cl-ions) present is extracted along with the sugars in 80% ethanol-water. However, a little residual salt was recovered by following the sugar extraction with several further extractions with boiling water only. Where only information on salt levels was required, the root material was extracted only in boiling water containing a small amount of nitric acid to aid recovery of ions from the cell walls. Potassium and sodium were assayed using an EEL flame· photometer, and chloride by using a coulombic silver chloride titrator.
(g) Re8piration Mea8urement8
Oxygen uptake was determined using a Warburg manometer.
(h) Variation in Sugar Level
Even though the environment was controlled during germination there was 10-20% variability in sugar level between batches. Variability between samples of the same batch was only 5%.
., 
Time (hr) Fig. l. --Sugar levels in roots of barley seedlings growing on 0·5 mM CaS04 (0--0) and in roots transferred to 10 mM salt solution (e---e). At intervals roots were excised and used to measure rate of 36Cl accumulation from labelled solutions: X ---X high·salt roots; @---@ low·salt roots.
III. RESULTS
Plants grown on 0·5 mM OaS04 for 5 days from germination were transferred to 10 mM KOl in the light. At intervals plants were sampled to measure sugar levels, and roots put into labelled solution to measure 36 01 accumulation. Other plants were kept on 0·5 mM OaSO 4 and sampled to provide a check on sugar level and rate of 36 01 accumulation by low-salt roots. Figure 1 shows the changes that took place in these measurements over a period of 4 days.
Plants kept on GaS04 maintained a high level of sugar and showed the same high rate of accumulation when transferred to 10 mM KGl; their status was little changed over the 4 days. During this period the roots were consuming sugar at the rate of 1· 5-2·0 fLmoles g-l hr-l due to respiration (12 fLmoles g-l hr-1 oxygen). Sugar must have been transported into the root as the sugar level was effectively the same throughout the 4 days. In other experiments sugar levels in excised roots kept in GaS04 fell by 1·5-2·0 fLmoles g-l hr-l. Q9--Q9 86Rb uptake; X---X 36CI uptake, same experiment (100% = 10·5 /Lmoles g-l hr-1);
Sugar levels in plants on 10 mM KGl fell rapidly and there was a parallel decrease in 36Gl accumulation. In these experiments 36Gl was used as a measure of the rate at which processes of salt accumulation could operate. Similar results would have been expected if a tracer for potassium or sodium had been used (Pitman, Gourtice, and Lee 1968; Johansen, Edwards, and Loneragan 1970) .
The correlation between rates of tracer accumulation and sugar level is shown in Figure 2 . Rates of accumulation are plotted against the sugar level after the same time in salt solution estimated from the smooth curve of Figure 1 . In addition to the 36CI values from Figure I , there are 36CI and 86Rb values taken from other experiments. Values for 36CI were plotted relative to the initial rate in each experiment; values for cation accumulation are also plotted relative to the initial 36CI rate for that experiment.
There was good correlation between rate of cation accumulation and sugar level over the whole range. The lower rates of 36CI accumulation (i.e. later measurements) fall on a line parallel with that for 86Rb accumulation. The higher (earlier) rates of 36CI accumulation were lower than predicted by these lines, but this deviation can be explained as formation of organic acids. During the early stages of uptake from KCI, net cation uptake is usually greater than chloride uptake; this difference can be explained as formation of organic acids (Hiatt 1967) . Total anion influx was therefore larger than chloride tracer influx during the early stages by an amount that would add 20-30% to the higher 36CI influxes. Allowing for organic acid accumulation would bring influxes of anions (as opposed to 36CI) on to a straight line. Measurements were made of rates of oxygen uptake by roots transferred from CaS04 to 10 mM KCl. These rates are plotted relative to the initial rate of 23· 0 fLmoles g-l hr-1 in Figure 2 ; the respiration rate in CaSO 4 solution was 17·0 fLmoles g-l hr -1. The results show that respiration, like salt accumulation, is correlated with sugar level. As the slopes of the correlations of influx and of respiration are the same, influx is also correlated with respiration. These results support the view that the decrease in rate of tracer uptake expresses a metabolic limitation.
It has been suggested by Johansen, Edwards, and Loneragan (1970) that the decreased influx is not due to change in metabolic status but to change in distribution of chloride taken up between root and shoot. They found that the fall in accumulation took place at the same time as transport to the shoot increased. Table 1 shows that this interpretation does not apply in the present experiments. Although there was a lag before levels rise in the shoot, there was a decrease in rate of total uptake as well as in rate of accumulation for both potassium and chloride over the first 10 hr. All rates are expressed relative to root weights.
The decrease in sugar level shown in Figure 1 is due partly to consumption in respiration and partly to conversion to organic acids, but it may also be due to loss of sugar to the solutions. Table 2 shows a set of balance sheets for sugar consumption in * Least significant difference (P < 0·05) for total sugar use and sugar loss = 1 ·5 ,.moles g-l hr-1• excised roots transferred to salt solutions. The rate of respiration ranged from 12 to 14 /Lmoles g-l hr-1 oxygen in CaS04, rising to 18-24 /Lmoles g-l hr-l in salt solution; the equivalent reducing sugar loss was therefore 2·0-2·3 /Lmoles g-l hr-l rising to 3-4 /Lmoles g-l hr-1 in salt solution. The difference between cation and anion uptake in barley roots is used in Table 2 to estimate organic acid synthesis (Hiatt 1967) . The acid is predominantly malic, formed by addition of internally or externally derived CO 2 to a three-carbon acid.
Two molecules of malic acid can therefore be formed from one glucose or fructose molecule.
The balance sheets show that acid formation and respiration can account for the sugar loss in excised roots grown on aerated solutions, but roots adapted to non-aerated solutions lose more sugar than can be explained in this way. Table 3 shows similar results for roots of whole plants. In this case estimated sugar consumption was larger than the change in sugar level due to sugar transported into the roots from the rest of the plant. At the stage of development of these seedlings this sugar was probably derived largely from seed reserves which supply sucrose for up to 12 days after germination (James 1940) , but there could have been sugar derived from photosynthesis as the experiments were carried out in the light.
Tables 2 and 3 also show that the sugar decrease was produced in K 2S0 4 as well as in KCl solutions. Other measurements comparing NaCl and KCl solutions showed that sodium also induced sugar loss. For example, using whole plants over a 6-hr period there was no significant difference between NaCl and KCl solution: The sugars measured in the roots were shown by chromatography to be glucose and fructose. Estimation of total reducing sugars gave values which were consistently twice the glucose concentration estimated from glucose oxidase methods. There was no detectable sucrose spot on the chromatogram and incubation of the extracts with invertase did not increase the glucose content. This absence of sucrose was not due to acid hydrolysis during extraction as added sucrose could be recovered completely. The change in sugar level estimated by the anthrone method was compared with the change in glucose level. In eight separate comparisons the ratio of glucose to total sugar change was 0·56±0·02. It is concluded that glucose and fructose are consumed very nearly equally during salt uptake.
Salt solutions inhibit uptake of sugar to barley root cells. Plants grown on CaS04 or KCl were put into solution containing either (5 mM [14C]glucose+1O mM KC1+ 0·5 mM CaS04) or (5 mM [14C]glucose+0·5 mM CaS04). After 3 hr the plants were rinsed for 10 min in unlabelled solution and the roots excised, weighed, and extracted for sugars as described. The same extract was used to estimate total 14 C uptake and for identification using chromatography. More than 95% of the 14C was present as glucose and fructose. Table 4 shows the effect of salt on the rate of accumulation of glucose. Transport to the shoots was also measured but was negligible over the period of the experiment. The rate of uptake to excised roots was the same as to roots of whole plants. The rate of [14C]glucose uptake was reduced to 10% at 2°C (QlO = 3·0).
Both potassium and sodium inhibited sugar transport and there was sugar loss in roots transferred to KCl and NaCl. It is concluded that the action of potassium is not simply an effect on enzymes requiring potassium, such as pyruvic kinase. Such an explanation is unlikely because potassium levels in the plant are about 20 mM, which is well above the level needed for this enzyme to reach maximum activity. The degree of inhibition of glucose uptake by potassium or sodium is used here only to illustrate that salt can inhibit glucose transport, The degree of inhibition in the cell would have to be much larger to produce the marked fall in sugar level. The inhibitor OOOP (carbonyl cyanide m-chlorophenylhydrazone) uncouples respiration, Addition of 10 fLM OOOP inhibited glucose uptake by 80% and 36 01 uptake by 85~90%, Oxygen uptake was 25% higher than in salt solution alone and decrease in sugar content in excised roots was also large; in several experiments loss of sugar ranged from 75 to 150% of the loss in 10 mM KOl.
Sodium arsenite inhibits respiration by blocking the tricarboxylic acid cycle at IX-ketoglutarate, At 200 fLM this inhibitor reduced 36 01 uptake from 10 mM KOI by 95%, glucose uptake from 5 mM solution by 88%, and oxygen uptake by 40%. Sugar loss from roots in sodium arsenite was only 45% of that in salt solution. Although these inhibitors both reduce glucose uptake and ion transport they have different effects on consumption of sugar. As OOOP uncouples respiration oxygen uptake is not reduced but may be increased. In arsenite the tricarboxylic acid cycle is inhibited and there is consequently a reduction in oxygen uptake. If the reduction of sugar transport were solely responsible for the loss of sugar from the cell then it would be expected that the loss would be the same from any form of inhibitor. As this was not the case it must be concluded that the rate of loss of sugar is also dependent upon its consumption in respiration or organic acid synthesis. It is inferred that the plasmalemma acts as a resistance to loss of sugar from the cell and that inhibition of transport of sugar at the tonoplast leads to increased sugar levels in the cytoplasm which may then have stimulating effects on respiration and associated processes.
IV. DISCUSSION (a) Control of Sugar Level in the Root
The pool of sugar in barley roots can rise or fall depending on the demands put on it by cellular metabolism and the rate of supply from shoots and seed reserves.
The level in excised roots in CaS04 fell by an amount equivalent to respiration, though in whole plants growing on CaSO 4 the levels in the roots were maintained over the 4 days of the experiment shown in Figure 1 . Decreases in sugar level in seedlings also can take place during development as seed reserves become exhausted (Mowat and Pitman, unpublished data).
Entry to the pool involves a process which can be inhibited by uncoupling respiration and can be reduced at low temperatures. Transport into the cell is also reduced by salt (Table 4 ). The pool of sugar contains no detectable sucrose but nearly equal amounts of glucose and fructose. Glasziou (1969) discussed regulation of sugar content of sugar-cane internodes. In its mature state sugar-cane stored sucrose, but during development of the internode the immature tissues contained reducing sugars. The transport mechanism into the vacuoles was suggested to be the same in each case; sugars in the cytoplasm were converted to sucrose and this was transported across the tonoplast to the vacuoles. The difference between mature and immature internodes was due to the presence of invertase in the vacuole or vacuolar membrane of the immature tissue, which hydrolysed the sucrose to fructose and glucose.
In addition to this transport at the tonoplast it was suggested there was also an active transport at the plasmalemma.
We suggest that a similar system operates in barley roots, and is responsible for accumulation of nearly equal amounts of glucose and fructose. Figure 3 shows the processes involved and their interaction with salt transport and respiration.
From the effects of inhibitors of respiration on sugar loss from the roots it was concluded that the plasmalemma, unlike the tonoplast, offers a high resistance to diffusion of sugar. A net loss of sugar from the cell will occur if there is inhibition of transport into the vacuole and also an increased consumption in the cytoplasm. The results of Table 4 showed that salt can inhibit sugar transport. The mechanism of this inhibition could be due to competition with salt transport for available ATP or by inhibition of ATP production. Sugar transport into the vacuole could also be reduced by reduction in sugar level in the cytoplasm, but the increased rate of respiration after change from CaS04 to salt is not consistent with this possibility. If we consider the extremes represented by low-salt and high-salt plants the difference in sugar level is suggested to be due to the larger rate of transport into the vacuole of low-salt roots.
(b) Relation between Salt Uptake and Sugar Level
The transition between high-and low-salt roots shows that rate of salt transport is correlated with sugar level, and with rate of respiration. The simplest explanation is that salt inhibits inward tonoplast transport of sugar (see Fig. 4 ), leading to a net loss from the vacuole. As the plasmalemma has a high resistance to diffusion of sugar, the level of sugar should rise in the cytoplasm. Consequently the cytoplasm could sustain more rapid respiration, providing more energy for salt transport. As the sugar is consumed, its level in the cytoplasm falls parallel to that in the vacuole until both reach a low level. This would also lead to similar reductions in respiration and salt transport.
, The method used to measure tracer accumulation tends to measure salt transport at the tonoplast (Pitman 1971 where Se and Sv are specific activities in cytoplasm and vacuole respectively. When roots are first put into the salt solution net accumulation in them is large, rpeo is small, and it appears that rpoe is measured, but rpev must be nearly equal,to rpoe as rpve is also small. The cytoplasm is too small to accommodate salt taken up if (rpoc-<Pco) were different from (rpcv-<Pvc). After about 10 hr in salt solution net accumulation becomes low and rpoc tends to equal rpco. At this stage rpoc is much larger than rpev and tracer accumulation is about 80% of rpcv (Pitman 1971) .
The correlation in Figure 2 is therefore best seen as a correlation between sugar level and tonoplast transport. This correlation does not imply an obligatory coupling between sugar transport and ion transport, for ion transport can be inhibited by OOOP without reducing sugar loss. The relationship is adequately explained as mutual dependence of respiration and salt transport on sugar level in the cytoplasm.
The rate of fall of sugar level in Figure 1 is consistent with respiration and sugar level being proportional. Figure 5 shows that the logarithmic plot of (Q-Q;)/(Qv-Q;) is a straight line. In this equation Q is the sugar level at time t, Q; is the final steady sugar level (12 ,umoles g-l) , and Qv is the initial steady level (67 ,umoles g-l). There is insufficient information about distribution of sugar in the cell to allow detailed calculation of kinetics of sugar change during the transition, but a result like that of 
(c) Relationship of Sugar Level to Kinetics of Ion Transport
The rate of salt transport in low-salt roots has been used to characterize models of salt uptake by plant cells. In particular it has been suggested that the bimodal relation between rate of uptake and concentration is due to carriers of different affinity (Epstein 1966) . It has been shown that the rate of uptake to low-salt roots may be an overestimate of uptake to roots of plants growing in soil or culture solution (Pitman, Oourtice, and Lee 1968; Johansen, Edwards, and Loneragan 1970) . The present results explain how the exaggerated uptake to low-salt roots can occur. The high levels of sugar in the roots, present as an adaptation to low salt conditions, provide an unusually high metabolic status when salt is available for uptake.
These high rates of uptake do not in themselves invalidate suggestions for carrier models based on kinetics of uptake, for the same mechanisms should be operating irrespective of the magnitude. An implicit assumption of kinetic analysis as an indication of carrier affinity is that only the carrier and its relation to concentration is limiting uptake. The present results show this assumption is not warranted. Uptake clearly depends on the metabolic status of the root, so that it is equally plausible to suggest that multiple components in uptake kinetics represent changes in the effect of salt on metabolism. There are other ways in which use of low-salt roots give a distorted view of ion uptake to plant roots. The high concentration component (mechanism II) of kinetic analysis appears to have little or no selectivity for potassium, whereas high-salt roots show a uniformly high selectivity (Pitman 1969a) . This difference in behaviour can be explained by the release of H + ions from the roots during salt uptake by low -salt roots (Pitman 1970) . This H+ release is in turn due to organic acid synthesis, and one factor controlling organic acid synthesis is the availability of sugars.
As far as the whole plant is concerned, there is a good reason why some aspect of metabolic status (sugar level?) and salt uptake should be related. Shoots of barley seedlings have a remarkably constant content of univalent cation (K +, N a +) despite wide variation in external concentration (Pitman 1965) or in relative growth rate.
